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1.  INTRODUCTION 

Fluoride  glasses  containing  about  50  mole*  of  ZrF4  [which  can  be  replaced 
by  HfF4  or  ThF4  (Refs.  1—3)  or  heavy  metal  fluorides  based  on  PbF2  and  on 
3d-group  fluorides  (Refs.  4,  5)]  have  been  considered  as  materials  for  fiber 
optics  in  the  range  of  0.3 — 5  ym  (Ref.  6). 

The  fluorozirconate  glasses  exhibit  relatively  low  refractive  indices  in 
the  visible  range  of  about  1.5—1.59  and  fairly  good  chemical  resistance 
towards  water  and  weak  acids.  Their  mechanical  properties  still  need  to  be 
improved  and  various  methods  of  strengthening  and  protection  are  now  being 
considered.  These  glasses  have  interesting  optical  properties  which  make  them 
ideal  candidates  for  producing  optical  fibers  in  the  mid-infrared  range  (Refs. 
7,  8).  They  represent  an  improvement  over  conventional  silicate  glasses  for 
use  in  long-distance  (above  100  km)  repeaterless  fiber  links  for  transoceanic 
or  transcontinental  communications.  One  criterion  for  the  high  information 
bandwidth  applications  is  the  smallest  possible  second  derivative  d2n/d*2  of 
the  refractive  index  n;  this  quantity  actually  vanishes  for  a  wavelength  X0 
somewhere  before  the  onset  of  the  IR  edge  (Ref.  9). 

Mixed  fluorides  are  experimentally  more  difficult  to  prepare  and  handle 
and  only  a  few  cases  of  composition  ranges  remaining  vitreous  have  been  found 
and  they  tend  to  be  much  narrower  than  typical  for  mixed  oxides.  The  first 
successful  category  of  fluoride  glasses  was  invented  (Refs.  10,  11)  at  the 
University  of  Rennes,  1975,  essentially  consisting  of  zirconium(IV)  and 
barium(ll)  fluoride  and  smaller  amounts  of  fluorides  of  tri valent  elements 
(colloquially  called  ZBLA  glass).  Another  important  category  of  fluoride 
glasses  containing  zinc(II)  (or  manganese),  gallium(III)  and  lead(II)  fluo¬ 
rides  was  invented  (Ref.  4)  at  the  University  of  Maine,  Le  Mans. 

The  absorption  spectra  and  luminescence  of  4f11  erbium(III)  and  3d5 
manganese(II),  and  the  mutual  energy  transfer  between  excited  states  of  these 
two  species  were  studied  in  such  a  glass  (Ref.  12).  In  ZBLA  glass,  the  lumi¬ 
nescence  of  4f 2  praseodymium(III)  (Refs.  13,  14),  4f*  europium(III)  (Refs. 

15,  16),  4f 10  holmium(III)  (Refs.  17,  18)  and  erbium(III)  (Refs.  19-21)  occurs 
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from  several  more  excited  J-levels  than  usual  because  the  lower  limit  (still 
allowing  perceptible  luminescence)  for  the  energy  gap  between  the  emitting 
J-level  and  the  closest  lower-lying  J-level  is  2000  cm-1  (0.25  eV),  some  2  to 
4  times  smaller  than  in  nearly  all  other  glasses  and  crystals.  It  may  be 
noted  that  this  rich  emission  spectrum  (usually  going  down  to  several  J-levels 
besides  the  ground  state)  is  observed  also  at  room  temperature. 

The  superior  optical  characteristics  of  fluoride  glasses  for  IR  fiber 
optic  applications  also  provide  an  ideal  medium  or  host  enabling  the  glass  to 
be  integrated  into  a  system  acting  as  a  laser  light  source  as  well  as  the 
actual  waveguide  material.  The  spectroscopic  and  fluorescent  properties  of 
Nd(III)  containing  fluorozirconate  glasses  have  been  reported  by  Weber  in  work 
with  the  Lucas-Poulain  group  at  Rennes  (Ref.  10)  and  optical  absorption  of  3d 
transition  metal  ions  such  as  Fe,  Co,  Ni  and  Cu  by  Ohishi  et  al  (Ref.  22). 
Luminescence  and  nonradiative  relaxation  of  rare  earths  in  amorphous  fluoride 
materials  has  recently  been  reviewed  (Ref.  23). 

The  purpose  of  the  present  work  is  to  investigate  the  absorption  spectra 
of  3d*  tcr(III)]  and  3d*  [Ni(II)]  in  order  to  obtain  information  on  site  sym¬ 
metry  of  a  heavy  metal  in  fluoride  glass,  to  measure  radiative  transition 
probabilities,  branching  ratios,  peak  cross  sections,  lifetimes  and  laser 
threshold  of  rare  earths  exemplified  by  Nd(III)  in  order  to  determine  laser 
properties  of  Nd(III)  in  fluoride  glasses,  and  to  look  into  energy  transfer 
between  Mn(II)  and  Nd(III)  as  a  means  of  ameliorating  the  laser  properties  of 
Nd(III)  in  fluoride  glasses. 
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2.  EXPERIMENTS 

The  following  doped  glasses  have  been  studied: 

PBLA  GLASS 

a.  36PbF2,24HnF2,35GaF3,2AlF3,3YF.3,4LaF3 

b.  36PbF2,24HnF2,35GaF3,2AlF3,3.8LaF3,0.2NdF3 

c.  36PbF2,24HnF2,35GaF3,2AlF3,2LaF3,2NdF3 

d.  36PbF  2, 24ZnF  2, 35GaF3, 2A1F3, 3YF  3, 2LaF3, 2NdF  3 

ZOLA  GLASS 

e.  56.75ZrF4,34.25BaF2,4.5LaF3,4AlF3,0.5CrF3 

f.  56.50ZrF4,34.0CBaF2,4.5LaF3,4AlF3,0.5CrF3f0.5NdF3 

g.  56.50ZrF4,34.00BaF2,4.5LaF3l4AlF3,0.5CrF3,0.5MnF2 

h.  55.75ZrF4,33.75BaF2,4.5LaF3,4AlF3, lMnF2, lNdF3 

1.  56.75ZrF4,34.25BaF2f 4.5LaF3,4AlF3,0.5NiF2 

The  samples  a,b?c,d  were  prepared  as  in  Ref.  19  using  metal  fluorides 
as  substrates.  The  samples  a,b,c  are  slabs  having  square  base  of  7.85-mm, 
6.75-mm  and  8.1-mm  edge  length,  respectively,  and  sample  d  is  a  rectangular 
slab  of  dimensions  2.5  x  8  x  12  mm.  The  samples  of  ZBLA  glass  (e,f,g,h,i) 
were  prepared  at  La-Verre  Fluore  S.A.Z.I.,  Du  Champ  Martin,  35770 
Vern-Sur-Seiche ,  France,  and  obtained  from  Dr  B.  Bendow,  BOM  Corporation, 
Albuquerque,  NM,  USA.  The  samples  are  25  x  5  x  5  mm. 

The  absorption  spectra  were  measured  at  room  temperature  on  a  Cary  14 
and/or  a  Cary  219  spectrophotometer.  Samples  a,b,c  were  measured  relative  to 
air,  and  samples  d,e,f,g,h,i  were  measured  to  undoped  samples. 

The  emission  and  excitation  spectra  were  measured  on  homemade  spectro- 
fluorimeters  based  either  on  a  Spex  monochromator  or  on  a  B&L  monochromator 
(Ref.  19).  Part  of  the  spectra  were  corrected  for  the  spectral  response  of 
the  systems. 


The  decay  curves  of  luminescence  were  obtained  either  by  exciting  the 
doped  glasses  with  a  Holectron  DL-200  tunable  dye  laser  pumped  by  a  Molectron 
UV-400  pulsed  nitrogen  laser  or  by  exciting  the  glass  with  the  radiation  of  a 
nitrogen  laser  directly.  The  dyes  used  were  as  follows*  Molectron  DPS  (*4 
with  maximum  of  emission  at  408  nm),  Rhodamine  590  (*14)  and  450  nm  Dye). 
The  transient  signals  were  dispersed  in  a  Jarrel-Ash  monochromator  (5-nm  reso¬ 
lution)  and  detected  by  an  R928  Hamamatsu  photomultiplier.  The  amplified 
signals  were  captured  at  Biomation  8100  ClO-ns  resolution),  stored  in  a 
Nicolet  Analyzer  and  transferred  to  computer  memory  for  further  processing. 

Since  most  of  the  decay  curves  analyzed  in  this  study  are  nonexponential, 
the  following  definitions  of  integrated  lifetime  of  luminescence  were  used: 


fl(t)tdt 

TTtidt- 


where  I(t)  is  the  shape  of  the  decay  curve. 
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3.  CHROMIUM(III)  AND  NICKEL(II)  IN  ZBLA  GLASSES 

Glass  samples  e  and  i  were  used  for  the  absorption  measurements.  The 
absorption  spectra  of  Cr(III)  and  Ni(II)  at  room  temperature  are  given  in 
Fig.  1.  The  observed  band  peaks,  and  ligand  field  and  Racah  parameters  are 
presented  in  Table  1. 


Figure  1.  Absorption  spectra  of  (a)  Cr(III)  and  (b)  Ni(II) 
at  room  temperature. 

From  the  absorption  spectra  of  Cr(III)  and  Ni(II)  in  ZBLA  glass,  both  in 
this  work  and  in  that  of  Ohishi  et  al  (Ref.  22),  as  well  as  from  the  absorp¬ 
tion  spectra  of  these  ions  in  PBLA  glass  (Ref.  4),  it  can  be  demonstrated  that 
the  site  symmetry  for  both  Cr(III)  and  Ni(II)  in  these  glasses  is  close  to 
cubic  octahedral  symmetry.  Sites  of  lower  symmetry  would  have  relatively  much 
stronger  absorption  bands.  Such  a  situation  could  be  predicted  for  PBLA  glass 
in  view  of  the  feasible  substitution  of  Zn(II)  and  Ga(III)  by  Cr(III)  of  com¬ 
parable  radius. 

Also,  nearly  all  Cr(III)  and  a  large  majority  of  all  paramagnetic  Ni(II) 
complexes  in  solution,  as  well  as  solid  compounds,  show  the  coordination 
number  N  =  6  with  octahedral  symmetry.  However,  it  is  not  perfectly  trivial 
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TABLE  1.  OPTICAL  TRANSITIONS  OF  TRANSITION  NETAL  IONS 


ION 

TRANSITION 

ASSIGNMENT 

BAND  POSITION 

OBSERVED  (cm-1) 

PARAMETERS 

(cm-1) 

(Ref.  22) 

(Ref.  31) 

(Ref.  22) 

(Ref.  31) 

Cr(III) 

14749 

14800 

*  * 

,A2grF)-JElg(IG) 

15385 

- 

Dq  =  1475 

Dq  =  1480 

*  * 

^(“Fj-^igCT) 

22472 

22500 

B  =  847 

B  =  850 

*  * 

**A2g(  **F  )— %T  lg(  *P) 

34483 

34700 

C  =  3136 

Ni(II) 

3A2g(3F)-3T2g(3F) 

6536 

6900 

*  * 

3A2g(3F)-3Tlg(3F) 

11364 

11500 

Dq  =  663 

Dq  =  690 

*  * 

SA2g(3F)~3Elg(lD) 

14925 

- 

B  =  956 

B  =  970 

*  * 

3A2g(3F)-3Tlg(3P) 

22936 

23300 

C  =  4006 

Nephelauxetic  parameter  8  in  ZBLA  glass  (Ref.  31)  is  0.926  for  Cr(III  and 
0.932  for  Ni(II). 


that  Cr(III)  and  Ni(II)  in  ZBLA  glass  (known  for  Raman  spectra  (Ref.  24)  to 
have  more  complicated  coordination  behavior)  turn  out  to  be  octahedral  to  a  • 
high  approximation.  The  subshell  energy  difference  dq  (also  designated  as  A) 
corresponds  to  the  maximum  (or  strictly  to  the  center  of  gravity)  of  the  first 
spin-allowed  transition.  The  Racah  parameter  (Refs.  25,  26)  of  interelec- 
tronic  repulsion  B  is  derived  from  the  diagonal  sum  rule 

B  =  (a 2  +  o 3  -  3a^)/15  (2) 

Such  a  derivation  is  rarely  possible  in  Cr(III)  because  the  third  spin- 
allowed  transition  is  usually  hidden  by  electron  transfer  bands  or  other 
intense  absorption.  In  such  Cr(III)  cases,  B  can  be  derived  (Ref.  27)  from 
ai  and  02  alone,  providing  B  =  875  cm-1  for  our  sample.  The  nephelauxetic 
ratio  8  is  the  ratio  between  B  from  Eq.  2  and  B0  for  the  gaseous  ion,  918  cm-1 
for  Cr+3  and  1041  cm-1  for  Ni+2.  It  is  interesting  to  compare  the  parameters 
of  Table  1  with  related  materials  (vitreous  and  crystalline  oxides)  which  were 
compiled  for  36  Cr(III)  cases  (Ref.  28). 
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The  value  for  dq  of  Cr(III)  in  ZBLA  glass  is  distinctly  lower  than  16100 
cm-1  reported  (Ref.  29)  for  the  cubic  elpasolites  K2NaGaQ.95CrOg.g5F5  and 
K^aCrfg  suggesting  1.5  percent  (0.03  A)  longer  average  Cr-F  distances  in  the 
glass  than  in  the  crystal,  as  discussed  below  for  analogous  Ni(II)  cases.  The 
parameters  in  Table  1  are  closer  to  CrFg-3  in  solution  (Ref.  25)  having 
dq  =  15200  cm-1  and  B  =  820  cm-1  according  to  Claus  Shaffer.  They  fall  inside 
the  intervals  dq  =  14500  to  16400  cm-1  and  B  =  620  to  850  cm-1  given  (Ref.  30) 
for  Cr(III)  in  14  highly  different  mixed  oxide  glasses,  and  may  also  be  com¬ 
pared  with  dq  =  17450  and  B  =  725  cm-1  for  Cr(0H2)6+J.  The  first  absorption 
band  of  the  fluorides  and  many  oxide  cases  shows  a  complicated  structure 
because  the  first  two  doublet  levels  2E  and  2T^  almost  coincide  with  ^2,  pro¬ 
viding  additional  complications  of  spin-orbit  coupling.  The  most  prominent 
narrow  peak  occurs  at  654  nm  (15300  cm“l)  in  our  ZBLA  glass,  to  be  compared 
with  15430  cm-1  in  a  zirconium  barium  thorium  fluoride  glass  (Ref.  30),  which 
should  represent  the  position  of  2E  to  a  good  approximation. 

Since  **T 2  stretches  distinctly  well  below  2E,  one  expects  any  lumi¬ 
nescence  to  be  a  broad-band  transition  between  the  two  lowest  quartet  levels. 
Only  very  weak  fluorescence  of  Cr(III)  was  seen  in  fluorophosphate  glass  (Ref. 
30)  and  in  ZBLA  (Ref.  31).  Lifetimes  as  well  as  the  peak  emissions  of  Cr(III) 
in  ZBLA  glass  are  presented  in  Table  2.  The  short  lifetimes  form  a  striking 
contrast,  not  only  to  the  cubic  elpasolites  (Ref.  29)  with  temperature- 
dependent  lifetimes  in  the  range  0.2  to  0.6  ms,  but  also  to  Cr(III)  in  a 
lithium  lanthanum  phosphate  glass  (Ref.  32)  with  lifetimes  around  0.02  ms 
(0.025  ms  at  the  same  low  Cr(III)  concentration  as  in  the  ZBLA  glass)  and  a 
quantum  yield  up  to  0.23.  Much  higher  quantum  yields  are  observed  in  glass- 
ceramics  containing  crystallites  (much  smaller  than  400  nm)  of  spinel-type 
MgAl2_xCrx04  and  the  izotypic  gahnite  ZnAl2_xCrx04  (Ref.  33)  and  other  types 
(Ref.  28,  34,  35).  Such  glass-ceramics  may  be  useful  as  laser  materials,  con¬ 
ceivably  replacing  the  crystalline  alexandrite  Al2_xCrxBe04. 
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TABLE  2.  LIFETIKES  OF  Nd(III)  (876-nm  EMISSION)  AMD  Cr(III) 
C-800-nm  EMISSION)  IN  ZBLA  GLASS 


(DOPANT  1 

OOPANT  2 

EXCITATION 

X,  (nm) 

EMISSION 

X,  (nm) 

DECAY,  (us) 

Ti  t2 

T3 

0.5  Cr 

465 

797 

1.4 

3.0 

6.0 

0.5  Mn 

0.5  Cr 

414 

790 

0.4 

1.0 

3.1 

0.5  Nd 

0.5  Cr 

337 

804 

0.6 

1.2 

3.1 

0.5  Mn 

0.5  Cr 

337 

804 

0.5 

1.9 

3.9 

0.5  Nd 

0.5  Cr 

450 

876 

381 

410 

410 

0.5  Nd 

0.5  Cr 

579 

876 

380 

405 

- 

An  attempt  to  record  the  steady-state  emission  of  Cr(III)  failed  since 
the  emission  signal  was  of  the  order  of  the  noise.  Its  lifetime,  however,  has 
been  measured  in  the  laser-induced  luminescence  experiments  (Table  2). 

The  emission  is  most  intense  at  797  nm.  It  is  noted  that  the  nonexponen¬ 
tial  decay  of  the  luminescence  is  quite  common  in  glasses  (Ref.  36).  Here, 
however,  the  lifetimes  are  relatively  short. 

The  dq  value  for  nickel(II)  in  ZBLA  glass  is  unusually  small  when  com¬ 
pared  with  8800  NiO;  8650  NixMg!_x0;  8500  Ni(0H2)6+2;  7400  NiTi03;  and  7300 
NixMr<i_xTi03  (all  values  in  cm-1  (Ref.  25)).  It  is  particularly  interesting 
to  compare  with  crystalline  fluorides  (Refs.  25,  37)  such  as  7800  spinel-type 
Li^iF^;  7700  rutile-type  NiF2;  7500  per ovskite -type  KNiF3  (B  =  950  and  960 

cm-1  in  the  two  latter  compounds  to  be  comparead  with  940  cm"1  in  Ni(0H2)g+ 
and  840  cm"1  in  NixMg]_xTi03) .  Rudorff,  Kandler  and  Babel  (Ref.  37)  pointed 

out  that  such  variations  can  be  ascribed  to  slightly  varying  internuclear 
distances  R.  At  face  value  one  might  consider  a  proportionality  to  R"5  as 
confirming  the  electrostatic  model  based  on  the  tiny  nonspherical  part  of  the 
huge  Madelung  potential  (this  explanation  is  already  beyond  rescue  because  of 
the  higher  dq  of  water  than  of  many  oxygen-ligated  anions)  but  Smith  (Ref.  38) 
pointed  out  that  an  exponential  variation  exp(-kR)  of  the  squares  of  the 
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overlap  integrals  (Refs.  39—41)  entering  the  angular  overlap  model  (Ref.  26) 
agrees  with  5  percent  increase  of  the  antibonding  effect  for  each  percent 
decrease  of  R.  In  this  perspective,  ZBLA  seems  to  have  Ni-F  distances  on  the 
average  1.6X  (0.03A)  longer  than  crystalline  KNiFj.  In  mixed  oxides  more  dra¬ 
matic  effects  can  occur,  dq  of  NIC II )  being  decreased  to  6000  cm-1  in 
ilmenite-type  NixCdi.xTiOj  (isomorphic  with  NiTi03  and  MgTiOj)  and,  as  shown 
by  Reinen,  to  only  4800  cm-1  in  the  perovskite  (elpasolite  superstructure?) 
8a2Ca]_xTeNix06  (Ref.  25).  However,  in  such  substituted  crystals  (as  in  the 
classical  case  of  ruby  CTxA^.xOj),  a  weak  doubt  always  remains  vfiether  the 
distance  M-x  between  M  carrying  a  partly  filled  shell  and  the  closest  neighbor 
atoms  X  fully  adapts  to  the  internuclear  distances  in  the  closed-shell  host 
lattices.  More  convincing  evidence  comes  from  the  hydrostatic  high  pressure 
(especially  for  atoms  (Ref.  38)  on  special  positions),  but  substituted 
crystals  remain  the  only  technique  of  significantly  increasing  R.  A  direct 
determination  of  R  (with  a  precision  of  about  0.02  A)  is  accessible  to  EXAFS 
using  the  X-ray  absorption  edge  of  the  substituting  M  even  in  low  concentra¬ 
tion  (Ref.  42). 

The  only  possibility  of  luminescence  of  Ni(II)  in  ZBLA  glass  would  be  at 
the  foot  (some  6000  cm-1)  of  the  first  absorption  band,  but  we  did  not  detect 
any.  The  spin-forbidden  absorption  band  due  to  the  first  singlet  level  XE 
corresponds  to  the  rather  broad  shoulder  at  15000  cm*1  (see  Fig.  1)  comparable 
to  the  peak  (Ref.  37)  of  crystalline  Ni(II)  fluorides  between  15000  and  15400 
cm’1. 


As  described  in  the  experimental  section,  we  also  studied  Nd(III)  in  ZBLA 
glass  together  with  Mn(II)  or  Cr(III).  Besides  the  well-known  luminescence 
(Ref.  43)  from  "F3/2  situated  11400  cm-1  above  the  ground  state,  and  seen  to 
have  the  lifetime  0.34  ms  when  excited  in  the  yellow  to  ^5/2  of  Nd(III), 
short-lived  (0.02  ms)  emission  is  detected  from  *P3/2  (26100  cm-*  above  the 
ground  state  and  2400  cm-1  above  the  closest  lower  J-level  *05/2)  and  a  life¬ 
time  1.5  ms  from  '‘03/2  at  28100  cm-1  (2000  cm-1  above  *Pj/2)* 

In  ZBLA  glass  simultaneously  containing  Nd(III)  and  Cr(III),  energy 
transfer  from  Cr(III)  by  excitation  in  the  strong  absorption  at  450  nm  is 

9 


AFWL-TR-86-37 


quite  efficient,  since  the  V3/2  emission  (to  the  Nd(III)  ground  state)  at 
876  n«  has  the  same  lifetime  0.4  ms  as  by  excitation  at  579  nm.  This  may  be 
compared  with  the  mutual  influence  (Ref.  32)  between  Cr(III)  and  Nd(III)  in 
lithium  lanthanum  phosphate  glass,  where  the  lifetimes  of  one  component  alone 
in  low  concentration  are  in  the  0.02-ms  and  0.2-ms  range  respectively . 


10 


AFKL-TR-86-J7 


4.  NE0DYM1UM(III)  IN  FLUORIDE  GLASSES 
4.1  Steady-state  absorption  and  emission 

The  absorption  spectrum  of  neodymium  in  sample  d  is  shown  in  Fig.  2.  The 
spectrum  serves  as  a  basis  for  a  complete  set  of  predictions  of  transition 
rates  within  the  4f*  configuration  of  Nd(III).  The  procedure  is  based  on  the 
theory  of  Judd-Ofelt  and  is  described  in  detail  elsartrere  (Refs.  19,  43). 

Here  are  described  briefly  the  main  steps  of  its  evaluation. 


Figure  2.  Absorption  spectrum  of  Nd(III)  in  sample  d. 

(  36PPF 2,  »Zrf  2,  35GaF  3, » IF 3, 3YF  3, 2LaF  3, 2NdF  3) 

According  to  the  theory  the  otherwise  forbidden  transitions  within  the 
f-f  configuration  of  rare-earths  become  slightly  allowed  by  admixing  of  wave 
functions  of  the  f-f  configuration  with  odd  components  of  crystal  field  poten¬ 
tial.  The  intraconfigurational  transitions  then  become  subject  to  a  new  set 
of  selection  rules,  and  oscillator  strengths  of  the  transitions  depend  para¬ 
metrically  on  the  three  phenomenological  parameters  Qj,  0*,  Reduced 
matrix  elements  for  the  transitions  are  almost  invariant  in  respect  to  the 
crystal  field  strength  (Ref.  43)  and  were  tabulated  for  all  rare  earth  ions 
(Ref.  44). 
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The  optical  transitions  of  rare  earths  in  solids  are  predominantly  of 
electric  dipole  character  and  their  spectral  intensities  can  be  described 
using  the  treatment  of  Judd  and  Ofelt.  In  this  approach  the  line  strength  S 
of  a  transition  between  two  J  states  is  given  by  the  sum  of  products  of 
empirical  intensity  parameters  0^  and  matrix  elements  of  tensor  operators 
of  the  form 

S(J,J')  »  e*lOtl<aj||uCt)||bJ‘>|*  (3) 

where  t  *  2,4,6. 

The  values  of  Qt  are  obtained  from  a  least-squares  fit  of  measured  and 
calculated  absorption  line  strengths  and  typically  have  an  experimental  uncer¬ 
tainty  of  about  10  percent.  The  integrated  intensities  of  the  absorption 
bands  yield  fl’s  which  are  an  effective  average  over  the  different  rare  earth 
environments  in  the  glass.  The  most  significant  factor  determining  the  values 
is  the  strengths  of  the  odd-order  terms  in  the  expansion  of  the  local  field  at 
the  rare  earth  sites.  These  in  turn  are  affected  by  the  nearest -neighbor 
anion(s)  and  cations.  For  a  given  glass  former  systematic  changes  of  Ot  have 
been  observed  with  the  changes  in  the  sire  and  charge  of  network  modifier  ions 
(Ref.  45,  61). 

The  three  omegas  are  determined  by  solving  an  overdetermined  set  of 
linear  equations  built  by  equating  the  measured  oscillator  strengths  with  the 
sum  of  products  of  the  unknown  omegas  with  the  appropriate  reduced  matrix  ele¬ 
ments.  The  three  omegas  found  from  the  solution  are  put  into  a  computer 
program  which  calculates  all  the  radiative  transition  rates  possible  in  the 
system  analyzed.  The  omega  parameters  for  ZBLA  and  PBLA  glasses  are  given  in 
Table  3. 


TABLE  3.  OCGA  PARAMETERS  IN  ZBLA  AMO  PBLA  GLASSES 


GLASS 

REFERENCE 

02,  [pm2] 

04,  [pm2] 

06»  km2] 

PBLA 

31 

1.01  ♦  0.28 

3.73  ♦  0.35 

6.19  i  0.43 

ZBLA 

31 

1.10  ♦  0.25 

3.80  ♦  0.30 

5.53  t  0.20 

ZBLA 

10 

1.95  ♦  0.26 

3.65  i  0.38 

4.17  ♦  0.17 
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The  next  step  is  the  calculation  of  nonradiative  transfer  rates  due  to 
multiphonon  decay  (Ref.  46).  This  is  done  by  (1)  subtracting  the  calculated 
radiative  rates  from  the  reciprocals  of  the  integrated  lifetimes  of  as  many 
energy  levels  of  the  rare  earth  ions  as  possible,  and  (2)  plotting  the 
logarithms  of  the  numbers  against  energy  gaps  between  the  levels  and  their 
nearest  lower  neighbor.  Then  the  two  parameters  of  an  exponential  multiphonon 
decay  rate  law  are  calculated:  the  exponential  parameter  a  from  the  slope  of 
the  plot  and  the  electronic  factor  B  from  its  intercept. 

Since  only  three  energy  levels  of  Nd(III)  in  our  samples  have  lifetimes 
long  enough  to  be  measurable  by  our  apparatus,  the  a  and  B  were  determined 
from  3  points  only.  The  result,  which  is  a  =  0.0053  ±  0.0005  and  B  =  1.63  + 
0.1  x  1010,  agrees  well  with  other  sets  of  data  which  were  measured  on  Ho(III) 
in  ZBLA  glass  in  our  laboratory  (Ref.  13).  The  parameters  are  inserted  into 

Wnr  =  B  exp  [-a4E]  (4) 

where  £E  is  the  energy  gap  from  the  emitting  electronic  level  to  its  next 
lower  neighbor.  The  entire  set  of  transition  rates  is  calculated,  now  with 
the  nonradiative  transition  rates  included  (Ref.  46). 

The  result  of  such  a  procedure  is  shown  in  Table  4.  The  calculated 
oscillator  strengths  agree  well  with  the  measured  values  and  the  omegas  calcu¬ 
lated  from  our  ZBLA  glass  compare  well  with  the  values  obtained  by  Lucas  et  al 
(Ref.  10)  in  their  study  of  Nd(III)  in  ZBLA  glass. 

The  last  two  columns  in  Table  4  compare  calculated  lifetimes  with 
measured  integrated  lifetimes.  The  outstanding  property  of  fluoride  glasses 
is  the  relatively  long-lived  luminescence  from  levels  which  are  separated  only 
by  a  small  energy  gap  to  the  next  lower  level  (Ref.  18).  Here  one  can  record 
(see  Fig.  3)  and  measure  the  lifetime  of  emission  from  two  levels:  *03/2  (361 
nm)  and  2P 3/2  (387  nm).  The  first  three  emission  lines  seen  in  Fig.  3  are 
identified  as  belonging  to  the  following  transitions:  ‘>D3/2-,*l9/2  (361  nm), 

1,0 3/2" "1 11/2  (381  nm)  and  3/2" * *13/2  (412  n,n^ •  The  next,  much  weaker  group 
of  lines  belongs  mainly  to  the  transitions  from  2P3/2*  The  oscillator 
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TABLE  4.  OSCILLATOR  STRENGTHS  AMD  LIFETI>€S  OF  Nd(III) 
IN  PBLA  GLASS:  SAMPLE  (d) 


TRANSITION  WAVELENGTH  OSCILLATOR  STRENGTHS  LIFETI>€S,  Cus) 
_  (nm)  OBSERVED  CALCULATED  Tint  CALCULATED 


**0  l/2“'*l9/2 

354) 

9.04 

4.27 

— 

0.00007 

*°5/2-4l9/2 

357} 

9.04 

1.27 

— 

0.00009 

'03/2-^19/2 

361 

— 

3.7 

1.5 

1.0 

'D3/2-'Iii/2 

381 

— 

11.5 

1.4 

1.0 

“D  3/2-' 1 13/2 

412 

— 

1.15 

1.2 

1.0 

**0  3/2“  "’F  5/2 

637 

— 

5.10 

1.70 

1.0 

2p3/2-'l9/2 

387 

0.09 

0.05 

— 

13.6 

2p3/2-'In/2 

419 

— 

1.00 

19.0 

13.6 

2p3/2-%I13/2 

454 

0.04 

0.04 

15.0 

13.6 

^3/2-'!  15/2 

502 

— 

0.01 

18.0 

13.6 

2p3/2-%H9/2 

746 

— 

2.40 

18.0 

13.6 

2p3/2-'F9/2 

886 

— 

2.40 

18.5 

13.6 

2d5/2~'19/2 

426} 

0.17 

0.04 

— 

0.0008 

2pl/2-%I9/2 

427> 

0.17 

0.09 

— 

0.3000 

^11/2-^19/2 

475> 

1.38 

0.21 

— 

0.00003 

1q3/2-%19/2 

478  > 

1.38 

0.35 

— 

0.00005 

*G9/2-'l9/2 

483> 

1.38 

0.42 

— 

0.1000 

*G9/2-%I9/2 

510> 

1.38 

1.50 

— 

0.0002 

'G7/2-'i9/2 

523 

6.98 

2.70 

— 

0.2500 

2g7/2-"i9/2 

577} 

9.78 

2.74 

— 

0.00015 

^5/2-hl9/2 

577> 

9.78 

7.30 

— 

0.0040 

2^ll/2~*^9/2 

620 

0.18 

0.18 

— 

0.0200 

*f9/2~'19/2 

678 

0.37 

0.66 

— 

0.0100 

V7/2-'i9/2 

732} 

6.41 

5.70 

— 

0.00004 

's3/2-'i9/2 

743} 

6.41 

0.03 

— 

0.0009 

1h9/2-'>i9/2 

797} 

7.13 

1.40 

— 

0.00006 

*f5/2-%i9/2 

802  > 

7. 13 

6.20 

— 

0.0090 

'F3/2-'l9/2 

860 

1.92 

2.20 

190.0 

337.00 

*F 3/2- *19/2 

867 

2.00 

2.30 

180.0 

326. 00a 

*F 3/2” *19/2 

867 

2.10 

2.20 

330.0 

337.000 

■Sample  c  (P8LA  glass). 

Nd(lII) 

excited  at  579 

nm. 

^Sawple  b  (P0LA  glass). 

Nd(III) 

excited  at  579 

nm. 
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350  400  450  500  55-0  600  650  700 
WAVELENGTH,  nm 


Figure  3.  Emission  spectrum  of  Nd(III)  in  PBLA  glass.  Excitation  at  348  nm. 
(a)  36PbF2f24ZrF2t35GaF3t2AlF3,3YF3,2LaF3,2NdF3.  The  part  of 
spectrum  in  500 — 700nm  is  enlarged  by  a  factor  of  5  in  respect  to 
the  intensity  in  350 — 500nm  region,  (b)  36PbF2,24MnF2,35GaF3, 
2AlF3,2LaF3,2NdF3. 

strengths  of  this  group  are  an  order  of  magnitude  smaller  than  of  the  former 
group  in  accordance  with  the  predicted  values.  These  are  the  lines  observed 
at  445  nm,  502  nm  and  the  weak  (not  shown)  lines  at  746  nm  and  886  nm  (which 
are  nevertheless  easily  recognized  by  their  laser-induced  emission).  The 
lines  at  637  nm  originate  from  the  **03/2*  The  spectroscopic  assignments  of 
these  lines  are  given  in  Tables  5  and  6. 

4.2  Fluorescent  lifetimes 

4.2.1  Neodymium.  Lifetimes  of  three  energy  levels  of  Nd(III)  were  measured 
from  the  laser-induced  luminescence  decays.  Most  of  these  emissions  were 
observed  also  in  the  steady-state  measurement. 

The  transitions  vrfiich  were  too  weak  to  be  observed  in  the  steady-state 
experiments  were  nevertheless  observed  and  identified  by  wavelength  and  life¬ 
time.  The  first  group  of  transitions  having  lifetimes  varying  from  1.4  to  2.1 
us  belongs  to  the  transitions  from  the  *D  manifold.  Its  predicted  lifetime  is 
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TABLE  5.  NEOOYMIUM  IN  PBLA  GLASS;  35PbF2,24MnF2,35GaF3,AlF3,(4-x)LaF3,xNdF3 


TRANSITION 

X 

WAVELENGTH  (rnO 

LIFETIMES  (us) 

RI SET IKE 

EXCITATION  EMISSION  xl 

t2 

t3 

Tin 

SHORT 

LONG 

“D 3/2“ ”19/2 

0.2 

337 

360 

1.4 

1.5 

1.8 

1.5 

<0.5 

- 

“D3/2-%Ill/2 

0.2 

337 

381 

1.8 

2.0 

2.3 

2.0 

<0.5 

- 

? 

0.2 

337 

810 

471 

- 

- 

471 

0.60- 

44 

? 

0.2 

407 

810 

614 

- 

- 

614 

0.60 

49 

V3/2-%l9/2 

0.2 

337 

865 

567 

507 

499 

500 

1.5 

70 

*F3/ 2-'l9/2 

0.2 

407 

865 

632 

642 

- 

637 

1.5 

85 

V3/2-,’I9/2 

0.2 

579 

865 

265 

327 

345 

330 

- 

7.0 

'Vy2-"l9/2 

0.2 

337 

361 

1.3 

1.5 

1.7 

1.5 

<0.5 

- 

*D  3/2"  ^  11/2 

0.2 

337 

381 

1.2 

1.4 

1.8 

1.5 

<0.5 

- 

2p3/2- ^ 11/2 

2.0 

337 

419 

18.0 

20.0 

21.0 

20.0 

<0.5 

1.5 

^3/2-*!  11/2 

2.0 

337 

499 

19.0 

18.0 

18.0 

18.0 

<0.5 

1.5 

4°3/2-,>f5/2 

2.0 

337 

637 

1.8 

- 

- 

1.8 

<0.5 

- 

2p3/2-2H9/2 

2.0 

337 

743 

18.0 

18.0 

20.0 

18.0 

<0.5 

1.5 

V3/2-,’l9/2 

2.0 

337 

867 

176 

215 

238 

220 

- 

3.0 

•,F3/2-,,l9/2 

2.0 

407 

867 

180 

210 

240 

220 

- 

3.0 

**F  3/2“  "19/2 

2.0 

579 

867 

172 

192 

210 

196 

- 

3.0 

2p3/2-*F9/2 

2.0 

337 

886 

18.0 

24.0 

28.0 

25.0 

<0.5 

2.5 

TABLE 

6.  NEOOYMIUM 

IN  ZBLA  GLASS  [l  wtX  Nd(III),l  wtX  Mn(III)] 

TRANSITION 

WAVELENGTH  (nm) 

LIFETIMES  (us) 

RISETIME 

EXCITATION  EMISSION  fl 

t2 

x3 

Tin 

(us) 

2p3/2-‘'I13/2 

337 

454 

17.0 

22.0 

19.0 

18.0 

1.! 

5 

2p3/2-‘‘Il5/2 

337 

499 

24.0 

27.0 

31.0 

26.0 

3.C 

‘>d3/2-,’f5/2 

337 

637 

1.1 

1.4 

1.6 

1.5 

- 

? 

337 

810 

614 

- 

- 

614 

125 

*F3/2“%I9/2 

337 

876 

533 

560 

604 

570 

80 

‘,f3/2-*i9/2 

400 

876 

1045 

1590 

1500 

1450 

185 

'F 3/2” "^9/2 

579 

876 

320 

330 

350 

340 

1.! 

5 
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0.97  us.  The  second  group  of  lifetimes  (15 — 20  us)  belongs  to  the  transitions 
from  2P3/2*  Its  predicted  lifetime  is  13.6  us.  The  predictions  based  on  the 
Judd-Ofelt  combined  with  the  exponential  multiphonon  law  are  not  expected  to 
give  a  better  agreement  (Ref.  13). 

The  lifetime  of  V3/2  level  is  190  us  in  sample  d  [2  wt%  Nd(III)],  330  us 
in  sample  b  [o.2  wtX  Nd(III)],  and  about  400  us  in  sample  f  Co. 5  wtX  Cr(III) 
and  0.5  wtX  Nd(III)  in  ZBLA  glass].  Here  the  prediction,  which  is  450  us  for 
ZBLA  and  337  us  for  PBLA,  is  near  the  experimental  result,  while  the  short 
190  us  is  due  to  the  well-understood  cross-relaxation  mechanism.  A  summary  of 
lifetimes  of  Nd(III)  ions  in  various  samples  is  shown  in  Tables  4,  5  and  6. 

4.3  Cross-relaxation 


Special  cases  of  energy  transfer  are  cross-relaxation  when  the  original 
system  loses  the  energy  (E3-E2)  by  obtaining  the  lower  state  E2  (which  may 
also  be  the  ground  state  E^)  and  another  system  acquires  the  energy  by  going 
to  a  higher  state  E2.  Cross-relaxation  may  take  place  between  the  same  lan¬ 
thanide  (being  a  major  mechanism  for  quenching  at  higher  concentration  in  a 
given  material)  or  between  two  differing  elements  which  happen  to  have  two 
pairs  of  energy  levels  separated  by  the  same  amount.  The  cross-relaxation 
between  a  pair  of  rare  earth  ions  is  graphically  presented  in  Fig.  3  of  Ref. 
46. 


The  measured  lifetime  of  luminescence  is  related  to  the  total  relaxation 
rate  by 


1/t  =  2Wnr  +  ZA  +  Pcr  =  1/t0  +  Pcr  (5) 

where  2A  is  the  total  radiative  rate,  ZWnr  is  the  nonradiative  rate  due  to 
multiphonon  relaxation,  Pcr  is  the  rate  of  cross-relaxation  between  adjacent 
ions,  and  t0  is  the  intrinsic  lifetime. 

The  critical  radius  R0  for  cross-relaxation  is  defined  by 


PCr(R0)  •  (1/t0)  =  1 


(6) 


R0  being  the  critical  distance  at  which  the  probability  for  cross-relaxation 
Pcr  equals  the  sum  of  radiative  and  multiphonon  relaxations. 

The  cross-relaxation  channel  for  NdClII)  is  (*F3/2)  +  PI9/2)  2( *115/2). 
The  critical  radii  in  various  glasses  are  presented  in  Table  7. 


TABLE  7.  CRITICAL  RADII  FOR  CROSS-RELAXATION  OF  Nd(III)  IN 
TELLURITE  AND  FLUORIDE  GLASSES 


COMPOUND 

CONCENTRATION 

( 1020/cms) 

CRITICAL 

RADIUS(A) 

intrinsic 

(us) 

Tmeasured 

(us) 

EXCITATION 

X(nm) 

0.5/ZnTe 

1.10 

4.74  +  0.11 

187 

178 

579 

1.6/ZnTe 

3.50 

5.07  +  0.36 

187 

130 

579 

2.7/ZnTe 

5.80 

5.81  +  0.25 

187 

102 

579 

0.5/ZBLA 

0.85 

3.72  +  0.80 

455 

443 

576 

2.0/PBLA 

4.02 

5.07  +  0.61 

345 

264 

576 

ZnTe — 35ZnO, 65Te02 


The  lifetimes  of  emissions  originating  from  *D3/2  and  from  2P3/2  are 
unaffected  by  the  presence  of  Mn(II)  ions  for  both  concentrations  of  Nd(III) 
ions.  The  intensities  are  much  lower,  however,  in  the  presence  of  Mn(II)  ions 
due  to  radiative  loss  to  Mn(II). 

The  emission  from  *F3/2  of  Nd(III),  both  in  ZBLA  and  P8LA  glass,  depends  upon 
whether  the  emission  is  measured  under  excitation  at  579  nm  directly  of 
Nd(III)  or  via  Mn(II)  around  400  nm.  Figure  4  presents  lifetimes  of  Nd(III) 
at  various  excitations  in  PBLA  glass  and  Fig.  5  presents  the  lifetimes  of 
Nd(III)  in  ZBLA  glass.  In  both  cases,  when  excited  at  579  nm,  the  lifetime  is 
increased  by  a  factor  of  3  in  ZBLA  [l  wtX  Mn(II)]  and  by  a  factor  of  2  in  PBLA 
[24  mole*  Mn(II)] . 


This  effect  is  less  pronounced  in  the  case  of  sample  c  since  the  average 
transfer  rate  for  this  sample  is  faster  than  the  intrinsic  lifetime  of  Nd(III) 
(Table  6). 
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Figure  4.  Luminescence  decay  curves  of  Nd(III)  in  PBLA  glass 
C36PbF2,24MnF2,35GaF3,2AF3,3.8LaF3,0.2NdF3).  (a) 

Excitation  407  nm.  Lifetime  637  ys.  Rise  time 
85  us.  (b)  Excitation  337  nm.  Lifetime  500  ys. 
Rise  time  70  ys.  (c)  Excitation  579  nm.  Lifetime 
330  ys.  Rise  time  2.0  ys. 


Figure  5.  Luminescence  decay  curves  of  Nd(III)  in  ZBLA  glass 
( 55.75ZrF4, 33.758aF2»4. 5LaF3,4AlF3,  lMnF2,  lNdF3) . 
(a)  Direct  excitation  of  Nd(III)  at  579  nm. 
Lifetime  340  ys.  (b)  Excitation  of  Mn(II)  at 
404  nm.  Lifetime  1450  ys. 
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In  the  calculation  of  radiation  transition  probabilities,  branching 
ratios  and  peak  cross  sections  for  stimulated  emission  of  rare  earths  in 
fluoride  glasses,  the  Judd-Ofelt  treatment  is  applied.  This  treatment, 
together  with  the  calculation  of  the  matrix  elements  of  transition,  allows 
prediction  of  the  stimulated  cross  section  which  is  essential  in  evaluating 
laser  performance.  The  formula  for  peak  cross  section  is  (Ref.  48) 


a 


X^A 

8Trcn2AX 


[cm2] 


(7) 


where 


X  -  emission  wavelength  [cm] 

AX  -  full  width  at  half  height  of  emission  band  [cm] 
n  -  refractive  index 
A  -  radiative  transfer  probability  [s-1] 

Threshold  power  for  transverse  pumping  is 

(8) 

where  Lres  is  resonant  power  loss  due  to  self-absorption  at  the  laser  wave¬ 
length,  which  is  defined  as 

Lres  =  21aNBy/Z  (9) 


pth  = 


hc(Lo+l_res)  •  10-7 


2XnT 


flFoap 


where 


N  -  number  density  of  lasing  lines 
By  -  Boltzmann  factor  for  the  terminal  laser  level 
Z  -  partition  function 
1  -  length  of  laser 


In  Nd(III),  the  terminal  level,  l,In/2>  for  the  1060-nm  luminescence  is 
positioned  at  ~  2000  cm-1,  then  EAT  =  10  at  room  temperature  and  the  Boltzmann 
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factor  is  ~  4.5xl0_s.  For  a  1-cm-long  minilaser  at  representative  values  of  N 
and  o: 


l_res  ^  0.2-0. IX. 

L0  -  Nonresonant  loss  which  is  mainly  due  to  the  absorption  of  the 
medium  and  loss  at  mirrors.  It  is  usually  taken  to  be  0  -  1.5. 

XD  -  pumping  wavelength.  In  our  case  it  is  806  nm  of  LED,  having  25-nm 
bandwidth. 

tf  -  lifetime  of  lasing  level. 

F  -  Boltzmann  population  function  of  the  lasing  level.  The  V3/2  of 
Nd(III)  is  split  into  2  main  bands  in  glasses.  The  fraction  of 
the  population  at  the  lasing  level  (RjJ  is  0.64  -  0.72R. 

Op  -  absorption  coefficient  of  the  pumped  level,  which  in  our  case  is 
centered  at  800  nm  (^3/2  +  2H 9/2 )  and  is  obtained  by  dividing  the 
optical  density  of  the  sample  by  its  thickness. 


Table  8  presents  the  comparison  of  peak  cross-section  and  threshold  power 
for  laser  action  of  Nd(III)  in  fluoride,  oxide  and  chalcogenide  glasses  for 
transverse  pumping.  The  table  shows  that  the  laser  characteristics  for 
Nd(III)  in  fluoride  glasses  are  quite  similar  and  even  better  than  in  ED-2 
glass. 


TABLE  8.  SPECTROSCOPIC  AND  LASER  PROPERTIES  IN  FLUORIDE  GLASSES 
AS  COMPARED  TO  OXIDE  AND  CHALCOGENIDE  GLASSES 


HOST 

PEAK  CONC. 
ASSIGNMENT  EMISSION  (cm3) 
(m)  xlO20 

ABS. 

COEF.  X 

806  nm 
(cm-1)  (nm) 

X  Q 

1— 

O  O 

1  3 

rs>  to 

O  V - f 

Pth  (W/cm2) 

L0=1X  L0=1X 

Lr=0.2%  Lr=0X 

Tf 

(us) 

REF. 

ZBLA 

Hf3/2-‘>iii/2 

1049 

2.72 

3.14 

26.7 

2.9 

57 

- 

400 

10 

PBLA 

"F3/2-'1n/2 

1039 

4.02 

3.57 

33.0 

2.75 

112 

- 

190 

31 

PBLA 

1,F3/2-Hli3/2 

1306 

4.02 

3.57 

65.0 

0.85 

- 

256 

190 

31 

ED-2 

"F3/2-'hl/2 

1060 

1.83 

1.27 

27.8 

2.9 

173 

- 

300 

48 

ED-2 

^3/2^13/2 

1340 

1.83 

3.14 

64.4 

0.72 

- 

590 

300 

48 

ZnTe 

"F3/2-'*1n/2 

1060 

3.46 

4.73 

29.0 

3.6 

93 

- 

130 

31 

ZnTe 

‘'F3/2-*hl/2 

1340 

3.46 

4.73 

73.0 

0.76 

- 

367 

130 

31 

GLS 

"F3/2-'l\l/2 

1077 

2.63 

14.50 

- 

7.95 

11.3 

- 

100 

47 

GLS 

‘tf3/2-hl13/2 

1370 

2.63 

14.50 

- 

3.60 

- 

27.7 

100 

47 

Chalcogenide,  GLS  -  3Ga2S3,0.85LaS3,0.15Nd2S3 
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5.  ENERGY  TRANSFER  BETWEEN  MANGANESE(II)  AND  hEODYMIUM(III ) 


The  evidence  of  energy  transfer  between  Mn(Il)  and  Nd(III)  has  been 
already  given  in  Chapter  5  when  it  was  shown  in  Figs.  4  and  5  that  Nd(III)  can 
be  excited  via  Mn(II)  at  337  nm  or  at  400  run.  The  rise  time  of  about  0.1  ms 
in  Figs.  4  and  5  is  characteristic  of  the  time  at  which  the  energy  transfer 
takes  place.  Figure  5  shows  the  approximately  exponential  decay  with  lifetime 
0.34  ms  by  excitation  in  the  Nd(III)  band  at  579  nm,  the  emission  being 
measured  at  876  nm.  When  the  excitation  is  done  at  404  nm,  at  the  low-energy 
edge  of  the  narrow  *S  -  **G  absorption  band  of  Mn(ll),  the  same  Nd(III) 
emission  at  876  nm  shows  a  rise  time  of  about  0.1  ms  followed  by  an  exponen¬ 
tial  decay  with  the  lifetime  1.45  ms.  Such  storage  of  energy  in  the  lowest 
quartet  of  Mn(II)  was  previously  observed  (Ref.  12)  for  Mn(II)  and  Er(III)  in 
zinc  gallium  lead  fluoride  glass.  The  energy  scheme  for  transfer  between 
Mn(II)  and  Nd(III)  in  such  a  glass  is  presented  in  Fig.  6.  In  the  absence  of 
Nd(III),  the  luminescence  of  Mn(II)  in  Z8LA  measured  at  545  nm  shows  an 
approximately  exponential  decay  curve  with  lifetime  between  13  and  14  ms  (note 
the  concentration  of  Mn(II)  of  1  wt%).  The  simplest  rationalization  for  this 
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Figure  6.  Scheme  of  energy  levels  of  Nd(III)  and  Mn(II)  in  fluoride  glass. 
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decay  being  9  times  more  rapid  in  the  presence  of  1  wt%  Nd(III)  is  that  the 
energy  transfer  is  8  times  more  rapid  under  these  circumstances  than  lumi¬ 
nescent  decay  of  the  Mn(II)  quartet  state.  This  mechanism  of  energy  storage 
has  obvious  potential  applications  in  laser  materials. 

The  evidence  of  radiative  transfer  between  Mn(II)  and  Nd(III)  can  be  seen 
in  Fig.  7  as  a  dip  in  the  emission  spectrum  of  Mn(II)  at  a  wavelength  corre¬ 
sponding  to  the  maximum  absorption  of  Nd(III)  (580  nm).  Evidence  of  both 
radiative  and  nonradiative  energy  transfer  is  found  in  the  excitation  spectrum 
of  Nd(III),  Fig.  8,  where  additional  bands  in  the  wavelength  range  300 —  520  nm 
appear . 


450  5  00  550  600  650  700 

vN&vElENGTh  ,  nm 


Figure  7.  Emission  spectrum  of  Mn(II)  in  P8LA  glass:  Excitation 
at  407  nm.  (a)  36PbF2,24MnF2,  35GaF3,2AlF3,  3YF3,4LaF3. 

Solid  line,  (b)  36Pbf2, 24MnF2, 35GaF3,2AlF3,  3. 8LaF3, 

0.2NdF3.  Enlarged  x3  in  respect  to  (a),  (c)  36PbF2, 

24MnF2, 35GaF3,2AlF3,2LaF3,2NdF3.  Enlarged  x  9.8  in 
respect  to  (a).  The  dip  observed  around  560  nm  is  due 
to  absorption  by  Nd(III). 

Mn(II)  has  one  electron  in  each  of  the  d-like  orbitals  and  thus  there  is 
no  reason  for  octahedral  symmetry  as  in  Cr(III)  where  the  symmetry  is  always 
octahedral  by  ligand  field  stabilization  (Ref.  49).  Thus  one  can  find  a 
variety  of  compounds  in  which  the  coordination  number  of  Mn(II)  can  acquire 
values  from  4  to  9  (Refs.  12,50).  Mn(II)  and  Fe(III)  have  no  excited  states 
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Figure  8.  Excitation  spectra  of  Nfl(III)  in  pblA  glass, 
uncorrected.  Emission  at  876  nm:  (aj 
36PGF 2, 24MTF  2*  35G>F  3*  *  ^  3*  3-aLrfr  3*  °* 2H1F  3 • 

(b)  3tiPbf 2»  24ZnF 2,  J5GaF3t2AlF3,  3yf3, 

2LaF  3, 2NdF  3 

of  the  configuration  3d*  with  the  same  high  total  spin  Quantum  number  S  =  5/2 
as  the  sextet  ground  state  ‘S;  and  among  the  252-6«246  excited  states,  96 
have  S  a  3/2  (quartets).  The  first  two  absorption  bands  are  rather  broad, 
whereas  a  sharp  absorption  band  situated  somewhere  in  the  interval  between 
25300  and  21100  cm'1  corresponds  to  some  of  the  components  of  oG  lacking 
ligand  fieid  influence.  Comparison  of  this  energy  difference  with  26850  cm-' 
in  gaseous  Mn(  1 1 )  allows  a  direct  evaluation  of  the  nephelauxetic  effect  indi 
eating  weak  covalent  bonding  with  the  neighbor  atoms  of  the  compounds  or  the 
glass-forming  medium.  It  is  difficult  to  draw  conclusions  about  the  local 
symmetry  of  Mn(II)  (with  the  exception  of  tetrahedral)  from  the  position  of 
the  absorption  bands  below  this  level.  Such  conclusions  may  be  drawn  to  some 
extent  from  the  emission  spectra  showing  a  considerable  Stokes  shift  below 
the  first  quartet.  For  example,  salts  of  the  tetrahedral  (Nnflr*)'*  show  lumi 
nescence  of  the  first  quartet  (Ref.  51)  in  the  green  with  a  quantum  efficienc 
of  about  1.  On  the  other  hand,  the  red  luminescence  of  Mn(  II i  in  ,antharx>m 
aluminate  is  ascribed  to  the  octahedrally  surrounded  Mntllj  py  oxygen  ions 
(Ref.  52 j .  Several  sites  of  Mn(Il)  were  observed  in  calcium  f luorophosphate 
emitting  in  the  red  (Ref.  53;.  In  oxide  glasses  a  variety  of  sites  are 
observed  from  the  different  emission  spectra  (Ref.  50  . 
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The  absorption  and  fluorescence  spectra  of  mn(II)  in  phosphate,  silicate 
and  borate  glasses  were  treated  by  "Ligand  Field*  arguments  by  Bingham  and 
Parke  (Ref.  5a).  These  authors  concluded  that  their  silicate  glasses  have 
tetrahedral  N  «  a  and  phosphate  n  *  6,  whereas  borate  glasses  contain  a  mix¬ 
ture.  However,  an  alternative  possibility  quite  likely  to  occur  also  in 
fluoride  glasses  is  a  heterogeneous  mixture  of  several  low-symmetry  n  =  7  or  5 
and  perhaps  non -octahedral  n  *  6. 

The  high  quantum  yield  of  Mn(II)  luminescence  in  a  variety  of  glasses 
(Refs.  «9,55)  makes  them  potential  materials  for  luminescent  solar  con¬ 
centrators,  provided  that  the  low  absorption  bands  arising  from  the  spin- 
foroidden  transitions  will  be  overcome  by  high  concentration  of  Mn(Il). 
Fortunately,  in  a  number  of  the  glasses  the  concentration  quenching  is  very 
low  (Ref.  50 j .  Energy  transfer  from  an(ll)  to  Nd(III)  in  calcium  phosphate 
glass  and  from  ant  II )  to  Er(III)  and  to  Ho(III)  in  silicate  glass  was  found  to 
take  place  by  a  dipole-dipole  interaction  (Ref.  56).  The  same  mechanism  takes 
place  also  in  energy  transfer  between  mn(n)  ana  Md(III)  in  barium  borate 
glass  (Ref.  57;. 

Energy  transfer  between  Mn(lI)  and  Er(III)  in  PBLA  glass  having  com¬ 
position  36PbF 2* 24(Mn,Zn)F2, 35GaF 3, 5A1(PQ3,F  J 3  doped  with  Er(III)  has  been 
studied  recently  (Ref.  12).  The  emission  of  Mn(II)  in  absence  of  Er(III)  con¬ 
sists  of  a  broad  band  centered  around  630  nm  and  an  integrated  lifetime  of  1.4 
ms.  In  the  presence  of  Er(III),  the  intensity  and  lifetimes  are  decreased  as 
a  result  of  energy  transfer  to  the  *^9/2  level  of  Er(III).  The  fluorescence 
of  Er(III)  arising  from  *Sj/2  at  543  nm  has  an  integrated  lifetime  of  60  us  in 
the  absence  of  *n(Il)  and  is  decreased  to  10  us  in  the  presence  of  Mn(ii)  as  a 
result  of  energy  transfer  to  Mn(H].  The  666-nm  luminescence  of  Er(III)  is 
enhanced  in  the  presence  of  Mn(  II)  and  has  a  nonexponential  time  dependence. 
The  longer  component  corresponds  to  the  transfer  of  energy  rrom  Mn(n;  to 
Er(III),  while  the  short-lived  component  is  probably  due  to  the  cascading  down 
Er( III )-Mn( II )-Er( III )  through  states  above  the  Stokes  threshold  of  *m(ll). 

Here  we  present  the  results  of  a  study  of  energy  transfer  between  Mn(H) 
and  Nd(III)  ions  in  two  heavy  metal  fluoride  glasses,  pblA  and  ZBlA. 
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Since  most  of  the  decay  curves  analyzed  in  this  study  are  nonexponential, 
we  used  the  intrinsic  lifetime  as  defined  in  Eq.  1.  Me  also  measured  the 
lifetime  at  which  the  intensity  decreases  to  1/e  of  its  initial  value  (t^),  to 
l/e*(T2)  and  l/e*(T3)  of  its  initial  value. 

The  efficiency  of  transfer  of  energy  from  Mn(ll)  to  Nd(III)  was  deter¬ 
mined  both  from  the  time-dependent  decay  measurements  and  from  the  steady- 
state  emission  measurements  as  followst 

n£r  s  1-  (Tina/Tin) 

where  t ^  is  the  integrated  lifetime  of  Mn(II)  in  the  presence  of  Nd(III)  and 
is  the  integrated  lifetime  of  Mn(ll)  without  Nd(III)  (sample  a); 


^r 


1- 


!*(')<* 


(11) 


where  1*0  is  the  shape  of  emission  band  of  Mn(II)  in  the  presence  of  Nd(III) 
and  IdO  is  the  shape  of  the  emission  band  in  the  absence  of  Nd(III)  as  a 
function  of  energy  (cm-1). 


The  transfer  rates  of  energy  transfer  were  calculated  from 


**tr  =  1/Tina  "  1/Tin 


(12) 


5. 1  Manganese  -  steady  state 


The  emission  spectra  of  samples  a,  b,  and  c  are  shown  normalized  to  the 
height  of  the  emission  spectrum  of  sample  a  [24  moleX  Mn(II)  in  PBLa]  by 
factors  of  3.8  and  9,  respectively,  which  shows  the  decrease  of  the  intensity 
of  the  emission  spectrum  with  increasing  concentration  of  Nd(III)  (Fig.  7). 
The  emission  curve  of  sample  c  shows  a  charactristic  dip  \rfuch  is  ascribed  to 
absorption  by  the  strong  %G$/2  hand  of  Nd(III)  (Ref.  36).  This  emission  band 
is  corrected  following  reasoning  proposed  in  Ref.  56  prior  to  integration. 
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Bands  a  and  b  were  integrated  without  correction.  The  results  of  calculation 
of  energy  transfer  efficiencies  from  these  data  are  shown  in  Table  9,  together 
with  the  results  obtained  from  the  time -dependent  data.  The  absorption 
spectrum  of  sample  a  containing  24  mole*  Mn(II)  is  shown  in  Fig.  9.  The 
strong  absorption  band  starting  at  290  nm  is  partly  due  to  Mn(II)  and  mostly 
to  Pb(II)  ions.  The  sharp  maximum  at  410  nm  is  due  to  a  component  of  4G  mani¬ 
fold  lacking  ligand  field  influence.  The  excitation  spectra  of  sample  a  [24 
moleX  Mn(II)  in  PBLA]  and  sample  g  [o.5%  Cr(III)  +  0.5X  Mn(II)  in  ZBLa] 
together  with  the  corresponding  emission  spectra  are  shown  in  Fig.  10. 

Maximum  of  the  emission  spectra  of  sample  g  occurs  at  545  nm,  which,  according 
to  Bingham  and  Parke  (Ref.  54),  is  characteristic  of  tetrahedral  symmetry, 
urtiile  the  637-nm  emission  of  sample  a  indicates  preferential  octahedral  coor¬ 
dination  of  Mn(II).  However,  other  authors  (Ref.  58)  point  out  that  the  wave¬ 
length  of  emission  is  a  smooth  function  of  concentration  of  Mn(II),  the  green 
emission  being  common  for  low  concentrations  and  the  red  emission  for  high 
concentrations  of  Mn(II).  Moreover,  the  emission  wavelength  may  be  also  a 
function  of  temperature  (Ref.  59). 


TABLE  9.  EFFICIENCY  OF  ENERGY  TRANSFER  FROM  Mn(Il)  to  Nd(IIII) 

IN  PBLA  GLASS  35PbF2, 24MnF2, 35GaF3,AlF3, (4-x)L^3, xNdF3 


X 

EXCITATION 

WAVELENGTH 

EFFICIENCY  FROM 

DECAY  TIME  STEADY  STATE 

TRANSFER 

RATE  (s~l) 

0.2 

407 

0.52 

0.57 

1040 

0.2 

337 

0.57 

0.56 

1550 

2.0 

407 

0.94 

0.93 

14400 

2.0 

337 

0.92 

0.92 

12700 

5.2  Manganese  lifetimes 

The  decay  curves  of  luminescence  of  Mn(II)  in  samples  a,  b,  and  c  are  in 
general  nonexponential.  Examination  of  Tables  10  and  11  and  Fig.  11  reveals 
some  of  the  general  features  of  Mn(II)  luminescence  in  our  samples:  (a)  The 
measured  lifetime  of  Mn(II)  in  sample  a  (35PbF2,24MnF2,35GaF3,2AlF3,3YF3,4LaF3) 
is  of  the  order  of  1  ms  as  compared  with  =14  ms  in  diluted  samples,  which 
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Figure  9.  Absorption  spectrum  of  Mn(II)  in  PBLA  glass 
36Ptf  2i  2AMrf2i  35GaF  3, 2A1F3, 3YF  3,  4Laf  3. 


Figure  10.  Excitation  and  ^mission  spectra  of  Mn(II)  in  pbla 
and  ZBLA  glasses?  (a)  36PbF2,24MnF2. 35GaF3,2AlF3, 

3YF3,4LaF3.  Emission  spectrum  excited  at  4u7nm 
(0)  55.75Arf4, 33.75BaF  2, A. 5LaF  j,4Alf  j, IMrf  2, iNdF  3. 

Emission  spectrum  excited  at  407  nm. 
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indicates  that  in  this  system  the  interactions  among  the  Mn(II)  ions  are 
strong  and  the  ions  undergo  concentration  quenching,  (b)  The  lifetime  of 
Mn(H)  ions  depends  both  on  concentrations  of  ions  of  Nd(III)  and  on  the  wave¬ 
length  of  the  excitation.  The  initial  part  of  each  decay  curve  consists  of 
two  components:  the  fast  rise  reaching  its  maximum  at  0.5— 0.6  us  and  the 
slow  rise  reaching  its  maximum  at  1—3  us,  depending  on  the  wavelength  of 
excitation  and  concentration  of  Nd(III)  ions.  The  varying  degree  of  the  slow 
rise  time  indicates  a  complicated  interaction  among  the  emitting  levels  of 
moC III  and  the  Nd(III)  levels  pumped  from  them. 

These  v'eatures,  however,  are  within  the  general  trend  of  decreasing 
lifetime  of  Mn(II),  with  increasing  concentration  of  Nd(III)  ions. 


TABLE  10.  LIFETIMES  OF  Mn(II)  IN  Z0LA  GLASS 


t-CLEX  OF: 

WAVELENGtH  (nm) 
EXCITATION  EMISSION 

LIFETIMES  (.ms 3  “ 

DOPANT 

Mn(II) 

T1 

T2 

T3 

Tin 

i.O  Nd(III) 

1.0 

337 

545 

7.4 

10.0 

11.4 

10.4 

1.0  Nd(III) 

1.0 

400 

545 

12.0 

12.4 

12.5 

12.5 

1.0  Nd(III) 

1.0 

414 

545 

9.0 

10.9 

14.4 

12.5 

0.5  Cr(III) 

0.5 

337 

545 

11.7 

13.7 

14.7 

14.0 

0.5  Cr(III) 

0.5 

400 

545 

12.1 

13.7 

13.9 

13.7 

0.5  Cr(III) 

1.0 

450 

545 

12.0 

13.0 

14.0 

13.7 

TABLE  11.  LIFETIMES  OF  Mn(II)  IN  PBLA  GLASS: 
35PbF2,24MnF2.35GaF3,2AlF3,(4-x)LaF3,xNdF3 


X 

WAVELENGTH  (nm) 
EXCITATION  EMISSION 

LIFETIMES  (us) 

RISETIME 

n 

T2 

T3 

Tin 

SHORT 

LONG 

0.0 

407 

637 

905 

1040 

1040 

1040 

0.6 

3.0 

0.0 

337 

637 

676 

820 

922 

870 

0.6 

1.5 

0.0 

460 

637 

512 

800 

1126 

910 

0.6 

2.5 

0.2 

407 

637 

425 

510 

685 

510 

0.5 

2.0 

0.2 

337 

637 

350 

385 

390 

370 

0.5 

1.5 

2.0 

414 

637 

27 

55 

76 

65 

<0.5 

1.0 

2.0 

337 

637 

60 

70 

85 

72 

<0.5 

1.0 

29 
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Figure  11.  Luminescent  decay  curves  of  Mn(II)  in  PBLA 
and  ZBLA  glasses:  (a)  56.50Zif4,-34.00BaF2, 

4.5LaF3f4AiF3,0.5Crf 3,0.5MnF2.  Excitation 
at  407  nm,  emission  at  545  nm,  lifetime  14  ms. 

(b)  36PbF2,24MnF2,  35GaF3,2AlF3,3YF3,4LaF3. 

Excitation  at  407  nm,  emission  at  637  nm, 
lifetime  1.04  ms. 

The  efficiency  of  energy  transfer  from  Mn(II)  to  Nd(III)  is  calculated  in 
Eq.  iO  and  compared  with  results  obtained  from  steady-state  data. 

A  fair  agreement  between  the  two  series  of  results  indicates  that  the  two 
methods  are  mutually  consistent  in  respect  to  the  system  studied.  Average 
energy  transfer  rates  are  calculated  from  Eq.  12  and  shown  in  Table  9. 

The  efficiency  of  energy  transfer  in  ZBLA  glass  was  calculated  assuming 
that  the  lifetime  of  Mn(II)  in  sample  g  [o. 5  mole*  Mn(II),  0.5  mole*  Cr(III)] 
equals  the  lifetime  of  Mn(II)  only  (which  was  not  available).  Then  the 
transfer  rate  is  1/12.5  -  1/14  =8.5  s"1  using  Eq.  12. 

Further  examination  of  the  tables  leads  to  a  suggestion  that  the  transfer 
rate  depends,  to  some  extent,  on  the  wavelength  of  excitation,  since  both  the 
rise  time  and  lifetime  of  *F3/2  are  shorter  when  excited  through  337  nm  than 
when  excited  through  414  nm  of  Mn(II).  The  phenomena  may  be  ascribed  to  a 
greater  part  of  the  emission  originating  from  the  direct  excitation  rather 


than  from  the  energy  transfer;  however,  the  lifetime  of  Mn(II)  in  sample  b  is 
also  shortened  considerably  tfien  excited  with  337  nm  of  nitrogen  laser,  indi¬ 
cating  that  in  this  case  the  energy  transfer  is  faster. 

The  emission  labeled  with  question  mark  instead  of  assignment  and  placed 
at  810—820  nm  was  observed  both  in  steady -state  emission  measurement  as  a 
small  bump  near  the  shoulder  of  the  emission  from  V3/2  and  in  time-dependent 
measurements.  The  emission  belongs,  in  respect  to  its  energy,  to  V5/2  - 
*I9/2*  Its  lifetime  in  sample  d  (2  moleX  Nd(III)  only)  is  too  short  to  be 
measured  by  our  apparatus  vtfiich  also  conforms  to  the  predicted  lifetime,  which 
is  =10  ns.  However,  the  presence  of  Mn(II)  enhances  its  luminescence  a  great 
deal,  as  can  be  seen  in  the  tables.  Its  lifetime  in  Mn(II)  doped  samples  is 
of  the  order  of  hundreds  of  microseconds  and  its  rise  time  is  long.  The 
presence  of  Mn(II)  induces  the  energy  transfer  at  levels  higher  than  the  V5/2 
state,  and  the  transfer  rate  which  is  the  slower  process  is  the  bottleneck 
which  determines  the  reaction  rate  (Ref.  62).  The  similar  experimental  phe¬ 
nomena  at  which  emission  from  l*F$/2  could  be  observed  in  a  CsMnBrj  crystal 
doped  with  traces  of  Nd(III)  ions  has  been  reported  (Ref.  60).  Lifetimes  were 
not  measured  in  the  experiment,  however. 
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6.  DISCUSSION 

The  transfer  rates  as  calculated  from  the  experimental  data  indicate  that 
the  rates  proceed  roughly  according  to  first-order  kinetics,  the  concentration 
of  Mn(II)  being  constant  and  concentration  of  NdtIII)  being  variable  in  our 
system.  On  the  other  hand,  the  transfer  rates  depend  strongly  on  the  con¬ 
centration  of  Mn(II)  as  follows  from  the  comparison  of  transfer  rates  found 
for  24  mole*  Mn(II)  in  PBLA  glass  and  for  136  Mn(II)  in  ZBLA  glass.  The 
conclusion  being  in  full  accord  with  intuition  nevertheless  raises  the 
question  whether  the  kinetics  depend  on  the  concentration  of  ground  state 
Mn(ll)  ions  or  the  excited  ions.  In  our  work  we  observed  a  systematic  trend 
of  faster  transfer  rates  and  shorter  lifetimes  of  Mn(II)  in  the  presence  of 
Nd(III)  when  the  samples  were  excited  at  337  nm.  The  intensity  of  the  337 -nm 
light  from  the  nitrogen  laser  is,  in  our  case,  a  factor  of  10  higher  than  the 
407 -nm  light  from  a  dye  laser,  and  the  oscillator  strength  of  Mn(II)  at  337  nm 
is  some  5  times  lower  than  at  407  nm.  Thus  we  can  expect  a  twofold  increase 
in  excited  Mn(Il)  concentration  in  the  case  of  excitation  at  337  nm.  If  the 
transfer  rates  were  dependent  on  the  concentration  of  the  excited  Mn(II)  ions, 
we  would  then  expect  an  increase  in  transfer  rate,  decrease  in  the  lifetime  of 
Mn(ll),  decrease  in  the  rise  time  of  decay  of  Nd(III)  V3/2  level,  and 
decrease  in  the  lifetime  of  the  same  level.  Our  results  conform  quantita¬ 
tively  to  the  prediction. 


7.  REVIEW 


Energy  transfer  between  manganese  and  neodymium  ions  in  the  system 
studied  proceeds  through  at  least  three  distinct  channels: 

(1)  Radiative  energy  transfer  from  neodymium  to  manganese  ions  in  the 
range  of  27700  cm-1  to  22000  cm-1. 

(2)  Nonradiative  energy  transfer  from  manganese  to  neodymium  ions.  The 
energy  transfer  occurs  probably  among  the  lowest  manifold  of  manganese  and  a 
number  of  levels  of  neodymium  in  the  range  of  25000  cm-1  to  20000  cm-1. 

The  transfer  rate  of  the  process  is  almost  linear  with  concentration  of 
neodymium  ions,  from  0.2  moleX  of  neodymium  to  2.0  moleX  at  constant  24  moleX 
of  manganese.  At  low  concentration  of  neodymium  the  manganese  serves  as  an 
efficient  storage  of  energy,  which  results  in  the  lifetime  of  neodymium  with 
a  factor  of  2  longer  than  its  intrinsic  lifetime.  The  phenomena  may  be  uti¬ 
lized  in  a  Q-switched  Nd  laser  for  energy  storage. 

(3)  Radiative  energy  transfer  from  manganese  to  neodymium  ions.  The 
radiation  emitted  by  manganese  is  absorbed  by  the  1*G 5/2  band  in  the  region 
around  600  nm. 

There  is  evidence  pointing  towards  the  role  the  intensity  of  the  exciting 
light  plays  in  respect  to  the  rate  of  energy  transfer  between  Mn(II)  and 
Nd(III)  in  the  system  investigated. 

A  series  of  experiments  is  planned  in  order  to  study  the  dependence  of 
the  energy  transfer  rate  on  the  intensity  of  exciting  light,  as  well  as  a 
number  of  computer  simulations  of  the  appropriate  model. 

The  systems  studied  are  particularly  suitable  for  a  theoretical  analysis; 
the  PBlA  samples  represent  an  almost  ideal  case  of  acceptors  Nd(III)  which  do 
not  interact  strongly  (sample  b),  and  a  similar  case  with  a  moderately  strong 
interaction  among  the  acceptors  (sample  c). 


On  the  other  hand,  the  sample  h  in  the  ZBLA  glass  represents  a  system  in 
which  there  is  a  moderate  interaction  between  the  donors  and  weak  interaction 
between  the  acceptors  at  equal  concentrations  of  both.  Finally,  by  examining 
Table  8  we  concluded  that  Nd(III)  in  fluoride  glasses  has  good  laser  qualities 
and  could  be  incorporated  into  fiber  optics  systems  as  an  integrated  light 


AFWL-TR -86-37 


8.  RECOMMENDATIONS 

Plans  are  to  extend  our  study  to  a  n ew  type  of  fluoride  glasses  based  on 
heavy  metals  doped  with  Ho(III)  and  Er(lll)  in  order  to  calculate  the  laser 
properties  of  these  glasses.  We  also  recommend  that  the  study  on  energy 
transfer  between  Mn(II)  and  Nd(III)  in  ZBLA  glasses  be  extended  to  a  variety 
of  concentrations  of  Nd(III)  and  Mn(II)  in  order  to  determine  the  optimum  con¬ 
ditions  for  lasing  in  these  glasses. 
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